Background: Hypoxaemia is a common complication of pneumonia and a major risk factor for death, but less is known about hypoxaemia in other common conditions. We evaluated the epidemiology of hypoxaemia and oxygen use in hospitalised neonates and children in Nigeria.
but fewer studies have addressed hypoxaemia in non-pneumonia cohorts or provided comparative data across age or diagnostic categories. With growing policy attention towards the scale up of pulse oximetry and oxygen therapy in low and middle-income countries (LMICs), policy-makers and program managers need data to inform decision-making. Current modelling estimates have addressed hypoxaemia, pulse oximetry and oxygen therapy primarily through the lens of child pneumonia. However, the burden of hypoxaemia, and the potential for reducing mortality through improved pulse oximetry and oxygen access, is much greater when non-pneumonia conditions are considered.
Added value of this study
This multi-centre cohort study was nested in the Nigerian Oxygen Implementation project, a large stepped wedge field trial evaluating pulse oximetry and improved oxygen systems. Our cohort included over 23,0 0 0 hospitalised children from birth to adolescence with various conditions, enabling us to describe the epidemiology of hypoxaemia in children and neonates admitted to secondary-level hospitals in low-altitude African towns. We found high hypoxaemia prevalence in pneumonia and other common childhood conditions, and particularly high prevalence in neonates. We found that hypoxaemia increased the risk of death across all age groups and all diagnostic categories, with higher risk in nonrespiratory conditions. We found that clinical signs recorded during routine care were particularly poor at predicting hypoxaemia in children and neonates with non-respiratory conditions, having much lower sensitivity for hypoxaemia in non-respiratory conditions than respiratory conditions. The predictive value of the WHO combination of signs for hypoxaemia was reasonably good for child pneumonia, but was much poorer for non-respiratory conditions (particularly for children over the age of 1 year). We found that most hypoxaemic children required oxygen therapy for 2-3 days and calculated the mean annual oxygen requirements for smalland medium-sized hospitals that admit children.
Implications of all the available evidence
Hypoxaemia is common in respiratory and non-respiratory acute childhood illness and increases the risk of death substantially. Given the limitations of clinical signs recorded during routine care, pulse oximetry is an essential tool for detecting hypoxaemia, and should be part of the routine assessment of all hospitalised neonates and children.
Introduction
Hypoxaemia refers to low blood oxygen levels, typically defined as haemoglobin oxygen saturations less than 90% as measured by pulse oximetry (peripheral oxygen saturation, SpO 2 ) or blood gas analysis (arterial oxygen saturation, SaO 2 ) [1] . In childhood pneumonia, hypoxaemia is a common complication and an important marker of severity. Approximately 13% of children hospitalised with pneumonia in low-or middle-income countries are hypoxaemic [2] and hypoxaemia increases their risk of death approximately four-fold [3] .
Multifaceted interventions to improve the detection of hypoxaemia and use of oxygen therapy can reduce inpatient child pneumonia mortality by approximately 35% [4] [5] [6] . Modelling estimates suggest that better use of pulse oximetry and oxygen therapy in the 12 highest mortality countries could prevent up to 148,0 0 0 child pneumonia deaths annually [7] .
While hypoxaemia is less well studied in non-pneumonia cohorts, the available data suggests that hypoxaemia may be common in many non-respiratory conditions [ 2 , 8-17 ] , and that ad-dressing oxygen access issues for these populations could deliver substantial mortality reductions [ 5 , 6 ] .
Nigeria is a highly-populated, lower middle-income country in sub-Saharan Africa that contributes disproportionately to global child and neonatal mortality (2017: under-five mortality 100, neonatal mortality 33, per 10 0 0 live births) [18] . The biggest childhood killers are pneumonia (18%), malaria (14%), prematurity (12%), perinatal complications (11%), diarrhoeal diseases (10%), and neonatal sepsis (5%) [19] . Recent global estimates show that Nigeria contributed one-third of U/5 malaria deaths and one-sixth of U/5 pneumonia deaths globally [19] .
This multi-centre study aimed to describe the prevalence of hypoxaemia in children and neonates admitted to secondary-level hospitals in Nigeria with pneumonia, malaria, and other common childhood and neonatal conditions, using data recorded during routine care. In addition, we sought to determine: (i) the degree to which hypoxaemia predicts mortality; (ii) the duration of oxygen therapy required for hypoxaemic conditions; and (iii) which clinical signs best predict hypoxaemia -for children of different ages and with different conditions. This will inform estimates of the benefit of improved pulse oximetry and oxygen practices for children and neonates in resource-limited settings and assist with oxygen-related program planning.
Methods

Design
This prospective cohort study was nested within a steppedwedge trial to improve oxygen use in 12 secondary-level hospitals in southwest Nigeria [20] . The first stage of this trial involved a needs-assessment [21] and retrospective clinical review. The second stage involved the introduction of pulse oximetry to participating hospitals, commencing in October/November 2015 [22] . The third stage involved the stepped introduction of comprehensive oxygen systems, with hospitals randomised to receive the intervention between March 2016 and March 2017. This paper reports prospective data from November 2015 to October 2017, using data extracted from clinical records.
Participants
We conducted this study in 12 small to medium-sized hospitals in southwest Nigeria, selected to be representative of secondary healthcare facilities that admit children [20] . This included a mix of government ( n = 7) and mission ( n = 5) hospitals of varying capacity ( Table 1 , more detail in Appendix 1). All hospitals were lowaltitude (elevation 50-500 m above sea level).
We included all children aged under 15 years (including neonates) who were admitted to participating hospitals during the study period (November 2015 to October 2017, inclusive). This included neonates born in the facility as well as neonates (and children) referred in from elsewhere, without prejudice to gestational age, birthweight or diagnosis. Table 1 shows the participating hospital demographics.
Materials and procedures
We introduced pulse oximetry into routine clinical care for paediatrics (including neonates) using adapted WHO oxygen guidelines [ 1 , 23 ] (Appendix 2). The guidelines required all children (aged under 15 years) to have pulse oximetry performed on admission, and at least twice per day while receiving oxygen. Individual hospitals determined the specific pulse oximetry procedures (e.g. timing, location, personnel) based on local workflow and practices. 2228  100  112  1322  406  102  1480  455  9  1170  89  0  Infants 28 days to 1 year  519  176  327  449  600  97  1085  388  117  543  131  187  Children 1-4 years  921  259  775  785  790  288  1669  582  235  990  312  455  Children 5-14 years  449  138  436  378  342  143  76  347  133  624  333  272  Sex:% Typically, patients presented to the children's outpatient or emergency area and a nurse would perform pulse oximetry alongside other vital signs prior to admission. In most hospitals, the admitting doctor would also perform pulse oximetry when completing the formal admission procedures. We conducted hospital-based pulse oximetry training for nurses and doctors working in paediatric areas in October/November 2015 and supplied handheld Lifebox TM pulse oximeters (Acare Technology, Taiwan). Lifebox oximeters were developed for low-resource settings by the World Health Organization (WHO) and the World Federation of Societies for Anaesthesiologists, with rated accuracy of + / −2% [ 24 , 25 ] . We instructed healthcare workers to conduct pulse oximetry using an appropriately-sized probe applied to a well-perfused finger or toe, and to wait until there was a strong and steady waveform before recording the SpO 2 reading. We provided supportive supervision through onsite project nurses in each hospital and regular visits from the project manager and/or nurse supervisor [ 20 , 22 ] . We introduced a comprehensive improved oxygen system to all hospitals at stepped intervals (3 hospitals every 4 months from March 2016 to March 2017), including oxygen concentrators (with reliable power), individually titratable flowmeter assemblies, appropriately-sized nasal prongs, and guidelines for using, cleaning and maintaining equipment (details in protocol [20] ).
We collected data from the clinical records, including case notes and nursing observation charts. We did not provide additional training or standardization of healthcare worker diagnostic, treatment or documentation practices. Trained research nurses extracted data from case notes using a standardised data collection form. This included SpO 2 on admission, oxygen use, as well as demographic data, diagnoses, symptoms and signs on admission, and clinical care practices.
Data analysis
Trained data entry clerks double-entered data from data collection forms using EpiData 3.1 [26] , following standard data management procedures. We performed data cleaning and analysis using Stata 15.1 [27] . We defined hypoxaemia as SpO 2 < 90%, irrespective of age or condition. We calculated hypoxaemia prevalence based on the SpO 2 recorded on admission, in order to consistently represent the condition of the patient and to enable temporal correlation with the recorded admission signs. We calculated proportions and 95% confidence intervals for hypoxaemia prevalence and case fatality rates using complete case analysis approach (i.e. dropping missing data from analysis) [28] . We conducted sensitivity testing to evaluate the effect of missing data on the primary hypoxaemia prevalence outcome, by comparing prevalence estimates from periods with high missing data (earlier time periods) to periods with low missing data (later time periods) [28] .
We calculated relative odds of death and 95% confidence intervals for patients with and without hypoxaemia, using generalised linear mixed-model (GLMM) analysis to adjust for clustering (at hospital level), time (in 4-month periods), age, sex, comorbid diagnoses, and the presence of the improved oxygen system [ 29 , 30 ] . We calculated median and inter-quartile ranges for oxygen use (duration, starting flow rate) and pre-treatment SpO 2 , restricting analysis to the post-intervention period to reflect clinical practice in the presence of adequate oxygen access. We calculated means for oxygen use (duration, starting flow rate) to enable the calculation of total oxygen demand. We calculated total volume of oxygen consumed by multiplying the mean duration of therapy by the starting flow rate (field observation showed that the flow rate was rarely altered after starting oxygen).
We calculated the sensitivity, specificity, positive and negative likelihood ratios, and area under the receiver operator characteristic (ROC) curve (AUC) for various clinical signs in predicting hy-poxaemia (both individually and in combination) using the diagt program for Stata [31] . We provide tabular comparison of the predictive accuracy of various combinations of signs against the WHO combination: respiratory rate (RR) ≥70 breaths per minute (bpm), severe chest wall indrawing, grunting, inability to feed due to respiratory distress [23] .
We report this data for various age groups (neonates < 28 days, infants 28-364 days, young children 1-4 years, older children 5-14 years) and diagnoses. We report for the most common presenting clinical syndromes and diagnoses: acute lower respiratory infection (which includes pneumonia and bronchiolitis), acute febrile encephalopathy (which includes cerebral malaria, viral and bacterial encephalopathies), malaria, sepsis, acute watery diarrhoea, small/premature neonate (including premature and low birth weight), and neonatal jaundice. We also report additional conditions we considered of particular interest (e.g. HIV, severe acute malnutrition, asthma). We determined diagnostic case status for most conditions based on recorded admission symptoms, signs, and laboratory testing using standard case definitions ( Table 2 ). If a sign was not recorded, we assumed that it was not present. We used the recorded admission diagnosis for diagnoses with more complex case definitions that required data not readily available from case notes (e.g. sepsis).
We present overall hypoxaemia prevalence findings in a bubble plot, illustrating prevalence (y-axis) and numbers affected (bubble size), across age groups (x-axis) and diagnoses (labelled bubbles). We report hypoxaemia prevalence and case fatality rates based on 'any diagnosis' (i.e. irrespective of whether it was identified as a primary or additional diagnosis, or whether it met criteria for multiple case definitions), with adjustment for comorbidity where relevant. For comparative purposes, we report additional analysis for 'primary diagnosis' and particular combinations of case definitions (e.g. ALRI with or without malaria) in Appendix 3. For reporting purposes we classified hospitals as small ( < 500 child admissions annually) and medium (50 0-250 0 child admissions annually).
Role of the funding source
RI represented the funding agency and participated in site selection and methods meetings which informed the study design. The corresponding author, AAB, AIA, OBO, AGF, and TD had full access to all the data in the study. All authors had final responsibility for the decision to submit for publication.
Results
Participating hospitals admitted 16,453 children (aged 28 days or more) and 7473 neonates over the 24 month study period (November 2015 -October 2017). 23,846 (99.7%) had a documented clinical outcome and 18,877 (78.9%) had a documented SpO 2 on admission.
Hypoxaemia prevalence
Hypoxaemia prevalence was 22.2% (95%CI 21.2-23.2) for neonates and 10.2% (9.7-10.8) for children aged ≥28 days ( Table 3 , Fig. 1 ). Hypoxaemia prevalence decreased with increasing age. Hypoxaemia prevalence varied between hospitals (median 12.1%, range 4.4-20.1%). Medium-sized hospitals typically admitted a higher proportion of hypoxaemic patients than small hospitals (15% vs 10%) and this was primarily accounted for by a higher proportion of neonates. Sensitivity testing showed that these prevalence estimate results remained robust to the effects of missing data. Fig. 1 is a bubble plot showing the prevalence of hypoxaemia in various conditions across age groups. Among children, hypoxaemia Clinical diagnosis: Based on clinical assessment (e.g. skin colour, feeding) and laboratory confirmation with serum bilirubin.
Wherever possible we determined case status using recorded admission symptoms, signs, and laboratory testing ("case definition"). For diagnoses for which we were unable to determine cases from the documented clinical data we relied on the recorded admission diagnosis ("clinical diagnosis").
was most prevalent in those with acute lower respiratory tract infection (ALRI), affecting 1 in 3 children (36.1%) who met WHO criteria for severe disease based on clinical signs, and 1 in 6 (16.6%) children who had no other signs of severe disease. Hypoxaemia was highly prevalent in children with asthma (20.4%), meningitis/encephalitis (17.4%), malnutrition (16.3%), and acute febrile encephalopathy (AFE) (15.4%). Hypoxaemia affected 1 in 7 (15.3%) children with complicated malaria and 1 in 20 (4.6%) children with uncomplicated malaria ( Table 3 , Fig. 1 ). In absolute numbers there were similar numbers of hypoxaemic children with diagnoses of ALRI ( n = 486), confirmed malaria ( n = 428), and acute febrile encephalopathy ( n = 412). Together these three presentations accounted for almost three-quarters of hypoxaemia cases (948/1304, 72.7%).
Among neonates, hypoxaemia was highly prevalent in all three of the major causes of mortality -prematurity (26.6%), sepsis (21.0%), and neonatal encephalopathy (33.4%) ( Table 3 , Fig. 1 ). These presentations accounted for almost all of the neonatal hypoxaemia cases (1218/1363, 89.4%). Table 3 presents hypoxaemia prevalence data for the most common diagnostic categories. We found minor differences between hypoxaemia prevalence when analysed by "any diagnosis" compared to "primary diagnosis" (see Appendix 3). Table 3 presents data on the relative odds of death comparing hypoxaemic to non-hypoxaemic cohorts for the most common di-agnoses. Hypoxaemia was a major predictor for mortality across all age groups and all diagnostic categories. The relative odds of death were higher in older children and those with conditions where hypoxaemia was less common (e.g. malaria versus ALRI). The risk of death was higher with lower admission SpO 2 ( Fig. 2 ) .
Hypoxaemia as a risk factor for mortality
When adjusted for clustering, age, sex, comorbid diagnoses, and the presence of the improved oxygen system, neonates who were hypoxaemic on admission had 6-fold higher odds of death than those without hypoxaemia (aOR 5.6, 4.5-6.8), and hypoxaemic children had 7-fold higher odds of death than those without hypoxaemia (aOR 7.3, 6.0-9.0) ( Table 3 ). Table 4 presents oxygen use data for various age and diagnostic categories. Children and neonates with hypoxaemia received oxygen for a median duration of 1.5 days (IQR 0.5-3.5) with little variation across age groups. Children with ALRI tended to require longer time on oxygen (median 2.5, IQR 1.5-3.5), as did preterm neonates (median 2.5, IQR 1.5-4.5). Among children and neonates with hypoxaemia, the median recorded SpO 2 before starting oxygen therapy was 81% (IQR 67-88), with little variation across age groups or presenting conditions. Clinicians appeared to follow the guidelines regarding oxygen flow-rate, with neonates tending to be started on 0.5-1.0 litre per minute (LPM), younger children on 1.0-1.5 LPM and older children on 1.0-2.0 LPM. Based on these data, neonates with hypoxaemia can be expected to receive ∼3500 L of oxygen during admission, and children ∼50 0 0 L. These rates are slightly higher for children with ALRI ( ∼5990 L), AFE ( ∼6480 L) and preterm neonates ( ∼4608 L). Table 5 shows the predictive value of individual clinical signs for hypoxaemia, recorded during routine care, in sick neonates, infants, younger and older children. In neonates, the most useful sign was tachypnoea with both RR ≥50 and ≥60 bpm cut-offs resulting in sensitivity and specificity between 46% and 69%. Severe respiratory distress and inability to feed had high specificity (93%|84%) but low sensitivity (34%|31%), while the highly specific signs of central cyanosis, decreased conscious state and hypotonia all had very low sensitivity. In infants, severe respiratory distress and tachypnoea (RR ≥50 bpm) both had moderately high sensitivity (40%|61%) and specificity (90%|74%). Tachypnoea (RR ≥40 bpm) remained useful in children aged 1-15 years while respiratory distress was specific but not sensitive (specificity 93-97%, sensitivity 18-27%) in older age groups. Table 6 shows the predictive value of various combinations of clinical signs. The WHO model (consisting of any of the following: RR ≥70 bpm, central cyanosis, severe chest wall in-drawing, grunting, or inability to feed) would have identified the majority of neonates and children with hypoxaemia (sensitivity 57%) with reasonable specificity (72%). The predictive value could be increased by using age-specific cut-offs for tachypnoea (neonate ≥70 bpm; infant ≥60 bpm; young child ≥50 bpm; older child ≥40 bpm) (Model 2 -sensitivity 65%, specificity 67%). Further modification using conscious state (Model 3) and tachycardia (Heart rate ≥160 beats per min, Model 4) provided marginal improvements in sensitivity at the cost of specificity.
Oxygen therapy for hypoxaemia
Clinical signs to predict hypoxaemia
Discussion
Our study reports on hypoxaemia and oxygen use in hospitalised children, across multiple sites, multiple clinical conditions, and from birth to mid-adolescence, using data recorded during routine care. Our data fill important evidence gaps, showing that hypoxaemia is highly prevalent in hospitalised children aged 0-15 years with both respiratory and non-respiratory conditions, and is a major independent risk factor for death. Our data on hypoxaemia prevalence and oxygen use is important for national and global efforts to scale up pulse oximetry and oxygen therapy, providing essential data to inform quantification estimates on oxygen requirements and potential clinical impact.
Hypoxaemia prevalence 4.1.1. Hypoxaemia in pneumonia
Our hypoxaemia prevalence estimates for children admitted with ALRI were higher than reported by Subhi et al. in a 2009 systematic review [2] (28% in our study, versus median of 13% in the systematic review), especially when compared with the 8 included studies from Africa (all ≤10%). Our study only included low-altitude secondary-level hospitals, whereas most of the studies in the 2009 review reporting higher hypoxaemia prevalence were from tertiary-level facilities and/or higher elevations. Our findings are consistent with more recent studies from large African hospitals (ALRI hypoxaemia prevalence 28-43%) [32] [33] [34] , including tertiary hospitals in southwest Nigeria (42-49%) [ 9 , 35 ] . We are aware of similar prevalence rates (51%) in a recent survey of 30 hospitals of various sizes in northern Nigeria (per-sonal correspondence, Chizoba Fashanu/CHAI Nigeria, 25 August 2018).
Our findings and these recent studies suggest that hypoxaemia prevalence in children with ALRI may be higher than previously recognised in Africa. This may mean that modelling effort s have underestimated the extent of hypoxaemia and the potential impact of scaling up pulse oximetry and oxygen therapy [7] .
Hypoxaemia in other conditions
Our data show higher hypoxaemia prevalence in other conditions than most studies in the 2009 hypoxaemia review and more recent studies (malaria 8.5% versus 2.9-17.1%, meningitis 17.1 vs 2.7-14.6, malnutrition 16.3 vs 1.8-8.3, seizures 14.3 vs 11.8, diarrhoea 6.1 vs 0-4.7) [ 2 , 8-15 ] , but similar results to a major tertiary hospital in the same region of Nigeria [ 8 , 9 ] . Our data show hypoxaemia prevalence among neonates is high (22%), with similar overall rates to other studies from Africa (17-41%) [ 2 , 9 , 10 , 14 , 15 ] and particularly high prevalence among preterm neonates (27%) and those with neonatal encephalopathy (33%).
Our study reported hypoxaemia prevalence at the point of admission, classified according to clinical signs and diagnoses (also recorded on admission). It is possible that respiratory illnesses were under-recognised. For example, pneumonia is challenging to diagnose clinically, particularly in settings with high HIV, malnutri-Predicted values based on simple logistic regression model for each age group (no adjustment for clustering or confounders). Probability of death may have been higher in the absence of oxygen therapy. tion, and malaria prevalence (conditions which may share or hide the non-specific signs of pneumonia) -even with expert clinical assessment and chest radiography [36] [37] [38] . Diagnostic overlap and uncertainty is even more pronounced in the most severely unwell children, many of whom will have multiple pathological processes occurring simultaneously and clinical signs that evolve over time.
Given that we included comorbid diagnoses, the prevalence of hypoxaemia in those with non-respiratory illnesses may have been driven by comorbid respiratory illness (e.g. diarrhoea and pneumonia). Interestingly, our results remained robust when analysed by primary diagnosis (i.e. excluding secondary diagnoses), suggesting that hypoxaemia was real in many children and neonates presenting with a non-respiratory primary illness. This is understandable, as various pathologic processes can lead to hypoxaemia, including:
• hypoventilation (e.g. seizures, acute encephalopathy), • systemic inflammation causing water retention, capillary leak and lung oedema (e.g. malaria, sepsis, systemic viral infections) • secretions leading to airway obstruction (e.g. seizures)
• respiratory muscle weakness leading to atelectasis (e.g. malnutrition) • pulmonary hypertension causing shunting (e.g. neonatal illness)
Irrespective of the underlying cause of hypoxaemia, or whether respiratory illness were under-recognised, high overall prevalence of hypoxaemia strongly supports the routine use of pulse oximetry for all acutely unwell children and neonates on admission to hospital.
Hypoxaemia as a risk factor for death
Recent meta-analyses have reported that hypoxaemia (SpO 2 < 90%) increased the odds of death five-fold (OR 5.47, 95% CI 3.93-7.63) in children with pneumonia [3] and three-fold in critically ill children in general (OR 3.1; 1.79-5.48) [39] (compared to those without hypoxaemia). Our study found similarly increased odds of death for hypoxaemia in children with ALRI (OR 6.0; 95% CI 4.0-8.9) as well as increased odds of death in other respiratory and non-respiratory conditions, across all age groups. This increased odds of death remained substantial when adjusted for age, co-morbidity and clustering -suggesting that hypoxaemia is a late-stage complication of many conditions that do not primarily involve the lungs.
Signs of hypoxaemia
Previous studies have explored the utility of various clinical signs to identify hypoxaemia in children with pneumonia [ 16 , 32 , 33 , 40-49 ] , but few have addressed this question in nonpneumonia cohorts or compared different diagnoses [ 9 , 10 ] . We found no individual or combination of clinical signs that reliably predict hypoxaemia and note significant difference in predictive ability of particular signs between respiratory and non-respiratory conditions (i.e. respiratory signs are more prevalent and sensitive for hypoxaemia in respiratory conditions, and less prevalent but more specific for hypoxaemia in non-respiratory conditions).
We found that the WHO combination of signs for hypoxaemia predicted hypoxaemia in neonates and infants moderately well. However, the WHO combination will miss most cases of hypoxaemia in children aged over 1 year and can be improved by using age-specific tachypnoea cut-offs. This modified WHO combination has moderately high sensitivity and specificity overall (65% sensitivity, 67% specificity) and very high sensitivity for hypoxaemia in ALRI (sensitivity 92%, specificity 25%). However, while it may be appropriate to use such combinations of clinical signs to guide oxygen therapy in hospitals where pulse oximetry is not available, pulse oximetry remains a far superior diagnostic tool. Table 4 Oxygen duration, starting flow rate, and pre-treatment oxygen saturation (SpO 2 ) among hypoxaemic children and neonates admitted to participating hospitals. Analysis restricted to enhanced oxygen systems period to ensure limited supply did not prevent access. We report medians and interquartile ranges as the data is not normally distributed and report means for calculation total oxygen use (and easy comparison with previous studies). AFE 
Practical implications
Pulse oximetry and oxygen therapy are essential medical practices that are poorly available to hospitalised children globally [ 5 , 50-54 ] . International collaborations recently formed to address oxygen access in key high burden countries (e.g. United for Oxygen Alliance, Every Breath Counts coalition). Ethiopia and Nigeria have led the way in launching national strategies for the scale up of pulse oximetry and oxygen therapy. However, lack of data on which to base oxygen quantification estimates have hampered program planning and advocacy, and individual hospitals have struggled to know how they should respond.
At the hospital management level, our data show that hypoxaemia is common in many conditions -including all the biggest causes of child mortality in Nigeria. Hypoxaemic children typically require 350 0-50 0 0 L of oxygen over 2-3 days. Small hospitals ( < 500 child admissions annually) may admit up to 50 hypoxaemic children per year, requiring oxygen for 2-3 days, and consuming approximately 20 0,0 0 0 L of oxygen annually. Medium-sized hospitals (50 0-150 0 child admissions annually) may admit 10 0-20 0 hypoxaemic children/neonates per year using up to 1 million litres of oxygen, and larger hospitals will likely admit new hypoxaemic children/neonates every day and use over 1 million litres of oxygen annually.
At a policy and planning level, our data support calls for the routine use of pulse oximetry in all neonates and children admitted to hospital, irrespective of diagnosis [ 22 , 55 ] .We know healthcare workers (including low-level community-based healthcare workers) are able to use pulse oximetry effectively [ 6 , 22 , 52 , 56-58 ] . However, introducing pulse oximetry into routine care is challenging and requires a multi-faceted approach (e.g. clinical guidelines, equipment, education, record keeping, finances, and policies) [22] . Making pulse oximetry a "vital sign" (along with heart rate, respiratory rate and temperature) may facilitate faster adoption, but does require more oximeters and more measurement time [22] . Encouragingly, pulse oximeters are becoming more affordable (e.g. the Lifebox Foundation [25] ) and, while time is an initial barrier to pulse oximetry uptake, nurses embrace it as a tool that enhances efficiency [22] .
For researchers, future studies and modelling efforts regarding the utility of pulse oximetry and oxygen should consider the potential impact for neonates and children with non-pneumonia conditions.
Limitations
We report data from a large multi-centre study involving secondary level hospitals at low-altitude locations in southwest Nigeria. These data can inform oxygen estimates and program planning, but they will not negate the need for locally-acquired operational data (and we did not investigate other important indications for oxygen in anaesthetic, obstetric or adult patient care).
We relied on pulse oximetry measurements obtained during routine care by hospital healthcare workers using low-cost handheld pulse oximeters. Findings from our supervision visits and a targeted audit of nurses' pulse oximetry practices showed high adherence to recommended procedures, low measurement failure rates, and consistency in the number and duration of attempts across different hospitals [22] . Lifebox oximeters do not have motion-resistance or low-perfusion technology, but have been validated for use in children and neonates and displayed equivalent accuracy to leading commercial brands in the US [ 24 , 59 ] .
We used a single definition of hypoxaemia (SpO 2 < 90%) irrespective of participant age or condition in keeping with WHO recommendations [23] . We recognise that particular clinical situations may warrant more liberal or conservative application of oxy- Table 5 Hypoxaemia prevalence, sensitivity, specificity, positive likelihood ratio (LR + ) and negative likelihood ratio (LR-) for presenting clinical signs among children in 12 secondarylevel hospitals in southwest Nigeria (Nov 2015 to Oct 2017 inclusive). gen therapy due to the relative risk of tissue hypoxia (e.g. brain injury, severe anaemia) or the underlying cause and duration of hypoxaemia (e.g. congenital heart disease). We recognise that normal saturations can be lower for neonates immediately after birth and can vary by probe location (pre-ductal versus post-ductal). However, studies in similar settings have reported that more than 95%
of SpO 2 readings are ≥90% even in the first hours of life (irrespective of probe location) [60] . We extracted data from routine clinical care documents using an approach similar to others conducting implementation research through clinical research networks [61] . Our use of dedicated research nurses who extracted data immediately after discharge min- ALRI = acute lower respiratory infection; AFE = acute febrile encephalopathy; AUC = the area under the ROC curve; LR + positive likelihood ratio (LR + = sensitivity/(1specificity)); LR-negative likelihood ratio (LR-= specificity/(1-sensitivity)). A positive LR > 10 and a negative LR < 0.1 are considered to exert highly significant changes in probability, such as to alter clinical management.
imised the amount of missing data, and our audit of documentation practices prior to starting the study reassured us that documentation practices overall were excellent [21] . Nonetheless, some clinical signs may not have been identified and/or documented correctly, resulting in under-identification of some signs (and possibly over-identification of others). To address anticipated missing data on gestational age (prematurity was only recorded in 32% of neonates) we reported the composite "small/preterm" category (birth weight was recorded in 91%) [ 62 , 63 ] . We recognise the limits of our diagnostic classifications, and the particular challenges in pneumonia [64] . We aimed to increase reliability of diagnosis by (i) using standardised case definitions based on objectively recorded signs, symptoms, and investigations from the time of admission (rather than clinician diagnosis alone) and (ii) considering multiple diagnoses and adjusting for them in analysis (rather than selecting an arbitrary 'primary' diagno-sis). For ALRI, we used the widely accepted WHO definition that is regarded as simple, sensitive, and generalizable with the main limitation being inclusion of a heterogenous group of aetiologies (viral, bacterial and other) [64] . Importantly, our prevalence estimates reflect hypoxaemia prevalence in real-life clinical contexts and are reported according to diagnoses and syndromes that frontline healthcare workers can identify. These estimates may be different in a more controlled trial setting. If our results are influenced by under-recognition of respiratory compromise this would further support the importance of using pulse oximetry as an objective tool to identify hypoxaemia in the high-risk population of hospitalised children.
Mortality is influenced by contextual factors related to case-mix and severity of illness (e.g. care-seeking, admission criteria) and quality of care (e.g. time, staffing, adherence to guidelines, equipment). We accounted for some of these variables through adjust-ment and stratified reporting, but will explore these issues more fully in a separate paper focussing on clinical outcomes.
We believe that our findings are representative of hypoxaemia as it is encountered among children and neonates admitted to small and medium-sized hospitals in Nigeria. While the precise estimates will vary in other regions, we believe our findings will have wide relevance to healthcare workers and managers in other LMICs, particularly in Africa.
Conclusions
Hypoxaemia is common in respiratory and non-respiratory acute childhood illness and increases the risk of death substantially. Given the limitations of clinical assessment, pulse oximetry is an essential tool for detecting hypoxaemia, and should be part of the routine assessment of all hospitalised neonates and children. Effort s to scale up pulse oximetry and oxygen therapy should consider the needs of, and potential impact on, neonates and children with non-pneumonia conditions.
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